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ABSTRACT

Surfaces with exceptional properties are needed for next generation materials.
Hypersonic re-entry space vehicles or turbines are subjected to both oxidizing and neutral
environments and nose-caps or wings on such vehicles could easily reach operating temperatures
of over 2000°C. Ultrahigh temperature ceramics like ZrB2 and HfB2 have melting temperatures
of 3245°C and 3380°C respectively.

However, these materials need to be protected from

oxidation, usually with an oxide layer. Zirconium is more affordable and will be used to study
its reaction with B4C and ZrSi2.
Experimentation was conducted by melting Zr slugs into a B4C and ZrSi2 packed bed at
1860°C for 60 minutes, 120 minutes, 180 minutes, and 240 minutes. Two different compositions
were studied. Melting was performed in an induction furnace using deoxidized helium and
purified with titanium sponge heated to 850°C and 702°C in two furnaces. Samples were
characterized using a scanning electron microscope, optical microscope, and X-ray
diffractometer.
Microstructures of 60 minute samples showed both non-reacted and partially reacted
areas. Samples held at 1860°C for longer times began to demonstrate multiple regions and
finally a more homogeneous structure throughout the sample.
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CHAPTER 1
INTRODUCTION

It has always been advantageous for a turbine to operate at the highest temperature
possible, resulting in higher efficiency and greater energy output.

However, mechanical

deformation and oxidation resistance become more problematic with creep and the rear-surface
reactivity when 50% [1] of the turbine alloy’s melting temperature is exceeded. Even nickelbased superalloys, arguably one of the more promising candidates to contest these conditions,
begin to lose strength at 600°C and are rendered completely useless at 1200°C [2]. To achieve a
more efficient turbine, the behavior of materials at ultrahigh temperatures (>1600°C) have been
studied for more than 20 years. A solution to this problem arose with carbon-carbon composites.
While these composites attain a much higher temperature prior to primary creep, they begin to
oxidize at temperatures between 600-700°C in air. Generally, a protective layer of SiC coating
have been used for the composite, however, in the presence of a single crack of this protective
layer, the carbon-carbon substrate will react and form SiO, CO and CO2. The silicon carbide
coating will appear intact while its substrate will have completely disintegrated leading to
catastrophic failure, for lack of structural integrity.
In addition to the carbon-carbon system, boride composites and oxide composites offer
two venues for consideration although the lattices have lower strength. The boride system can
achieve the mechanical properties needed at high temperatures. However, processing of the
forgoing composites necessitate that the impurity level becomes extremely low. The processing
also requires an ultrahigh temperature.

1

An innovative solution has emerged in reacting liquid zirconium with B4C to create a
ZrB2-ZrC/Zr composite. Liquid zirconium penetrates B4C powder, creating zirconium carbide
and zirconium diboride (ZrB2).

ZrB2 has a low density ~6.09g/cm3, a high melting point

~3050°C, and has excellent physical properties: a Fracture Toughness of 4.8 MPa m1/2, Young’s
Modulus of 417 GPa, and Flexural Strength of 457 MPa [3, 4]. Its reasonably low density makes
it ideal for high speed applications, and coupled with a high melting point, makes it the ideal
material for a turbine or other high temperature high speed applications. While ZrB2 has many
ideal properties for high temperature applications, there is still the problem of the carbon reacting
at these high temperatures in an oxygen rich environment. The addition of silicon carbide to the
zirconium boride decreases its oxidation by the formation of SiO2 on the outer layer. This begins
to form once the SiO2 layer is exposed to oxygen.
Zirconium diboride increases the matrixes resistance to crack propagation in the same
manner that annealing works on metals. The outer silicon oxide layer does not have such
advantages and can easily crack in conjecture with the forces placed on it. Upon investigation of
the silicon oxide layer, precipitates form during the creation of the ZrB2-ZrC-SiC-ZrnSim
composite. These precipitates aid in the resistance of crack propagation of the silicon oxide
layer.

It is the purpose of this thesis to investigate the circumstances under which these

precipitates form, time and temperature, along with the most advantageous weight percentage of
the raw materials of zirconium slugs, boron carbide powder, and zirconium silicide powder to
create these precipitates; only the zirconium silicide wt. % will be varied. It is theorized that
these precipitates also increase in size proportional to the amount of time the specimen is left
inside the furnace at a temperature above 1855°C, the melting point of zirconium.

Therefore,

several trials will be conducted at approximately the same temperature ~1860°C, for varying
2

lengths of time beginning with 1 hour and ending with 4 hours, and for two different
compositions of the raw materials in order to make a determination.

3

CHAPTER 2

LITERATURE REVIEW

The present chapter discusses the Zr-B-C phase equilibria, as well as the fundamental
concepts relating to the process of liquid metal infiltrating into a packed bed of oxide or
nonoxide particles. Liquid metal infusion or reactive metal penetration causes a composite to
form in a rear-net product. The kinetics and thermodynamics of this process will be discussed
within the next sections.
2.1 Zr-Si System

From the Zr-Si phase diagram (Figure 1), the maximum solubility of Si in β-Zr is 0.6 at
% at the eutectic (8.8 at% Si) which occurs at 1570°C. The allotropic transformation of αZr
(HCP) to βZr (BCC) occurs at 863°C. Solubility of Zr in Si is less than 1.6 at % Zr. The phases
in equilibrium consist of: Si2Zr, α- and β- ZrSi, α- and β- Zr5Si4, Zr3Si2, Zr5Si3, Zr2Si, Zr3Si, and
α- and β- Zr. Of these phases, Zr5Si3 is the most unstable. An experiment concluded that Zr5Si3
is stabilized in the presence of impurities such as oxygen, carbon, and nitrogen. Additional
research was done where Zr-Si phases, other than ZrSi2 and ZrSi, formed by the reduction of
ZrO2 with Si were unsuccessful. Which is consistent with Figure 1 that Zr5Si3 is only stable at
high temperatures [5].
2.2 Zr-B-C System

The Zr-B phase diagram (Figure 2) shows the solubility of B in β-Zr to be 1.5 at %,
which occurs at 1662°C, corresponding to the eutectic temperature. The Zr-B-C phase diagram
(Figure 5) indicates a large three phase region consisting of ZrB2, ZrC and liquid. By viewing
4

Figure 1- Zr-Si phase diagram [5]
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Figure 2- Zr-B phase diagram [6]
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Figure 3- Zr-C phase diagram [7]

7

Figure 4- B-C phase diagram [8]

8

Figure 5- Zr-B-C ternary phase diagram
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the Zr-B (Figure 2) and Zr-C (Figure 3) systems, such a large phase is consistent for high
concentrations of Zr. The same consistency is also exhibited for high concentrations of C, as
shown in the Zr-C and B-C (Figure3 and 4) systems. The solubility of Zr in β-B is ~1 at % at
1860°C (Figure 2). This is substantially larger than the solubility of B in β-Zr (at 1860°C) with
only a single phase of ZrB2 between the Zr and B side, as shown in Figure 5.
2.3 Zr-Si-O System

In the Zr-Si-O system (Figure 9), a liquid forms for high concentrations of Zr (> 33%)
and low concentrations of Si (< 33%). As oxygen increases in the system, the liquid phase
begins to transform to β (BCC) and then to α (HCP) zirconium. This is because zirconium has
~31 at % oxygen solubility which can be seen in the Zr-O phase diagram (Figure 6). Like
zirconium, high concentrations of Si (> 33%) and low concentrations of Zr (< 50%) will likewise
cause a liquid phase to form. The Si-O phase diagram (Figure 7b) shows that a pure liquid phase
is present for an oxygen content of 0.66 at%. The Ellingham diagram (Figure 8) shows the
Zr/ZrO2 and Si/SiO2 Gibb’s free energy plots. Zr/ZrO2 is more negative, for all temperatures,
implying that this reaction is more favorable and likely to occur. An arbitrary composition of Zr,
Si and O, assuming there is enough O in the system for Zr to become saturated, will most likely
form zirconia before silica. Once the zirconium has oxidized, the remaining oxygen in the
system will then begin to oxidize silicon.
2.4 ZrO2-SiO2 System
The phase diagram of ZrO2-SiO2 (Figure 10) shows two series of transformations at ±50
at % ZrO2 and a ZrSiO4 at exactly 50 at % ZrO2, all terminating at 1676°C. The transformations
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Figure 6- Zr-O phase diagram [9]
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Figure 7a - Si-O phase diagram [10]
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Figure 7b- Si-O phase diagram of Si rich side [10]
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Figure 8- Ellingham Diagram [17]
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Figure 9- Zr-Si-O ternary phase diagram
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Figure 10- ZrO2-SiO2 phase diagram
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<50 at % ZrO2 all include ZrSiO4 with quartz transforming into L-Quartz, H-Quartz, Tridymite,
and finally Cristobalite. Transformations >50 at % ZrO2 consist of ZrSiO4 with monolithic
zirconia transforming to tetragonal. The first eutectic occurs with ~3 at % ZrO2 at 1687°C. A
second eutectic occurs with ~41 at % ZrO2 at 2250°C. At this same temperature a two liquid
phase exists until 2430°C where it transitions to a single liquid phase. Above ~41 at % ZrO2 at
2250°C, tetragonal zironia exist with a liquid phase until it transforms to cubic zirconia with
liquid at 2285°C.
2.5 Zr-B4C-ZrSi2 System
From the Zr-B4C-ZrSi2 phase diagram (Figure 11) calculated with FactSage (version 6.1),
it can be concluded that ZrB2 and ZrC at 1860°C will form for nearly every single composition
with the exception of high concentrations of B4C. According to the Gibb’s free energy, both
ZrB2 and ZrC have a favorable formation in this system. Of the many phases in the Zr-Si system
stated previously, Figure 11 only shows Zr5Si3 because it is the most probable to occur according
to the Gibb’s free energy. Ideally, most compositions allowed to attain equilibrium would
contain ZrB2, ZrC, and, with enough Zr, Zr5Si3 or ZrSi. The Gibb’s free energy concept and
calculations for these phases will be explained later in section 2.7.
2.6 Kinetics of Melt Infiltration

Several conditions must be met in order for reactive penetration to take place: (1) the
metal must wet the ceramic, (2) the reaction should be thermodynamically favorable, and (3) the
reaction mechanism must not involve the formation of product layers which act as barriers for
further penetration as reported by Lu [11]. Initially slugs of the desired metal are heated in a

17

Figure 11- Zr-B4C-ZrSi2 ternary phase diagram
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furnace until molten; this molten metal then penetrates dense performs until the reaction is
complete or the progress of the reaction is halted by the lack of silicon diffusion away from the
reaction layer [12].
Thermodynamic favorability for melt infiltration can be assessed by the Gibb’s free
energy of the reaction, as applied readily by the Loehman research group [12] for the Al-mullite
system.

Johnson et al. [18] used a similar technique for the Zr-B4C system to form a

Zr/ZrB2/ZrC composite according to the following reaction:
(2.2 + x)Zr + 0.6B4C

1.2ZrB2 + ZrC0.6 + xZr.

Aluminum melts at 660°C, but research has found that even on pure aluminum, there
exists a thin layer of Al2O3 which prevents the contact of fresh aluminum with mullite and a
temperature of 900-1000°C is needed to break this layer and allow infiltration to commence [1214]. This is according to the following reaction:
3Al6Si2O13 + (8 + x)Al

13Al2O3 + 6Si + xAl.

As the molten Al penetrates the mullite, a series of interconnected channels serve to diffuse Si
from the reaction layer front to the Al pool at the surface. The process can be summarized into
three successive steps: (1) transport of molten Al to the reaction front; (2) reduction of mullite by
molten Al, forming Al2O3 and Si; (3) transport of Si from the reaction front to the exterior Al
pool [12]. This interdiffusion takes place exceedingly fast due to the absence of Si concentration
gradients in the reaction layer for times up to one hour. There is a range for which the chemical
reaction between the metal and the ceramic is the kinetic limiting step for the distance of
penetration. In short the amount of Al used in the experiment determines the critical penetration
distance [14].
19

The temperature at which the experiment is subjected to also plays a crucial role in the
distance of penetration and the rate at which the reaction will take place. The temperatures range
for the reaction will be divided into two regimes: ideal heating and overheating. Ideal heating
can be characterized by the temperature above which the Al2O3 film breaks and overheating,
which is between 900-1000°C and 1200°C [12, 14]. At temperatures in the ideal heating range,
the kinetics of the reaction indicates that the reaction layer thickness grows linearly for times up
to 250 minutes, or until saturation. Furthermore, as temperature increases, the growth rate of the
reaction layer will also increase linearly. At temperatures above the ideal range, reaction layer
growth exhibits a time dependency of t1/2 kinetics (Figure 12). When the composite is subjected
to temperatures in the ideal heating range, the kinetics of the reaction are linear which suggests
that the Al/Si transport to the exterior Al pool is much faster than the Al2O3/Si formation at the
reaction layer front, achieving a sort of equilibrium between the two and allowing the reaction to
proceed essentially unobstructed. Small concentrations of Si exist throughout the reaction layer,
with the greatest concentration at the reaction layer front and a subtle decrease en route to the Al
pool [13, 14]. As time increases, the Al/Si transport begins to wane and at approximately 250
minutes becomes saturated and shifts to t1/2 kinetics. So, the total reaction rate, in this range, is
governed by the rate of interfacial reaction of the molten Al with mullite. If the temperature is
increased past the ideal heating range, greater than 1200°C, the time dependency transitions from
linear to t1/2 kinetics. This now implies that the Si production at the reaction front is much
greater than its transport to the Al pool, proposing that the total reaction is dominated by the rate
of Si diffusion from the reaction front. In most cases, the reaction shuts off almost immediately;
leaving most of the preform unreacted. However, the reaction can proceed, but at increasingly

20

Figure 12- Reaction layer thickness of SiO2 after 1 hour [14]
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slower rates as temperature is increased, making it very difficult to detect a reaction layer at
elevated temperatures [12].
2.7 Thermodynamics of Reaction Penetration

For the reaction to occur, some considerations must be taken into account: (1)
reactants/products must have a thermodynamically favorable reaction; (2) the desired phases
must be thermodynamically compatible; and (3) the heat generation may aid the reactivity if the
temperature increment is significant [15].
In its simplest form, any reaction can be classified as thermodynamically favorable if the
Gibbs’ free energy of the reaction is negative. The complete chemical reaction for the formation
of the composite is:


Zr + ZrSi2 + ଶ B4C

ܽ ZrB2 + b ZrC + c SiC + ZrnSim

(1)

where the equation will become balanced once reactant quantities are selected and a, b, and c are
arbitrary integers showing the relationship between boron and carbon by ܾ + ܿ =


ଶ

which was

used to calculate reactions seen in Table 1. The composition of ZrnSim that is created is
dependent solely on the initial amount of dissolved Si. No composition created will have less
than 50 at % zirconium; however, there are multiple compositions such as Zr5Si4, Zr3Si2, Zr2Si,
Zr5Si3, and Zr3Si that can be created referring to Figure 1. To determine if this reaction is
thermodynamically favorable, it can be separated into its partial reactions. Since Gibbs’ free
energy tables only consist of pure elements reacting to form compounds, a computational
thermodynamic package called FactSage was used to obtain the free energy of equations (2) ,
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(5), and (6). The ∆G°rxn can be calculated for the formation of the compositions of equation (1)
by the following reactions:
Zr + 2 B

ZrB2

(2)

Zr + C

ZrC

(3)

Si + C

SiC

(4)

4B + C

(5)

B4C
n ZrSi2

ZrnSim + Six

(6)

where 2݊ = ݉ + ݔ. The ∆G°rxn of equations (2)-(5) are -552.3 kJ, -164.8 kJ, -32.6 kJ, and 50.2
kJ respectively [16]. Considering reactions (2)-(6) and the five possible ZrnSim compositions, the
∆G°rxn of equation (1) can be -7,527.9 kJ, -5,391.5 kJ, -4357.2 kJ, -8,311.5 kJ, or -6051.3 kJ
respectively, all thermodynamically favorable.
Apart

from

being

thermodynamically

favorable,

the

reaction

must

create

thermodynamically stable phases. The Zr-Si-O phase diagram will be used to illustrate this. The
possible combinations that can be formed by combining Zr and SiO2 can be determined by
connecting the two points with a line and calculating the proper stoichiometric ratio as seen in
Figure 13. Assuming the reaction yields a compound represented by the dot, the phase diagram
indicates that ZrSi, ZrO2, and SiO2 are thermodynamically stable phases given the amounts of
Zr, Si, and O [15]. Additionally, the diagram shows that Zr and SiO2 are not thermodynamically
compatible and will react if placed in contact with one another. Thus, the formation of Zr and
SiO2 is not possible by reactive penetration given any combination of Zr, Si, and O.

23

Figure 13- Si-O ternary phase diagram illustrating the molar ratio of Zr and SiO2 shown yields
SiO2, ZrO2, and ZrSi as the stable phases
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The heat generated by the exothermic reaction is an important aspect of this reaction and
can have two negative outcomes: (1) powers subjected to extreme temperatures may become
calcined; and (2) vaporization of one of more elements [15].

Calculating the ∆H°rxn will

determine if the reaction is exothermic or not. To calculate the ∆H°rxn for the possible outcomes
of equation (1), it will again be divided into its partial reactions. The enthalpy of reaction of
equations (2)-(5) will be calculated using FactSage and are: -361.9 kJ, -219.6 kJ, -122.5 kJ, and
222.3 kJ respectively. The ∆H°rxn for the possible outcomes of equation (1) are: -2,673.1 kJ, 2,398.8 kJ, -2030.7 kJ, -1,982.2 kJ, and -2,205.2 kJ respectively, the results of this can be seen
more clearly in Table 1.

In some instances, the ∆H°rxn can be ~900 kJ, increasing the

temperature of the sample ~1500°C above that of the furnace which may calcine the powders
[15]. Applying this to reaction (1), at 1860°C, the temperature would exceed 4860°C, vaporizing
the Si which has a boiling point of 2627°C [17]. Since the five possible ∆H°rxn for equation (1)
assume only the corresponding ZrnSim compound forms, an accurate representation of the
reaction cannot be determined.
Recalling the existence of a thin oxide layer that exists on aluminum, the same can be
said about zirconium. Like aluminum, zirconium is extremely reactive with oxygen and even
more so at temperatures over ~816°C (Figure 14). Consequently, it would be advantageous to
reduce the p(O2) of the atmosphere as much as possible to prevent oxidation of the molten
zirconium. Two experiments were performed using an aluminum/mullite system in high p(O2)
~10-10 atm and low p(O2) ~10-20 atm.

The experiment concluded that in the high p(O2)

atmosphere, a substantial oxide layer formed at the surface of the Al pool and an equally thick
layer formed on the specimen in low p(O2). Between this range of p(O2), Loehman et al.
concluded that oxygen partial pressure has no effect on penetration rate or microstructure of the
25

reaction layer once the oxide layer had formed on the surface of the Al pool [13]. Like
zirconium, the transport of oxygen through molten Al to the to the reaction front is not necessary
for the reaction to occur. Oxygen transport through the Al is highly unlikely taking into account
the high reactivity of oxygen with aluminum, and even higher reactivity of zirconium at elevated
temperatures. A dense Al2O3 layer would form coating the surface of the molten aluminum and
preventing additional oxygen diffusion [12].

26

Reaction
Zr + 2 B
Zr + C
Si + C
B4C

∆G°rxn (kJ)

∆H°rxn (kJ)

-552.3

361.9

-164.8

219.6

SiC

-32.6

122.5

4B + C

50.2

-222.3

ZrB2
ZrC

15Zr + 5ZrSi2 + 7B4C

14ZrB2 + ZrC + 6SiC + Zr5Si4

-7527.9

2673.1

11Zr + 3ZrSi2 + 5B4C

10ZrB2 + ZrC + 4SiC + Zr3Si2

-5391.5

2398.8

-4357.2

2030.7

9Zr + 2ZrSi2 + 4B4C

8ZrB2 + ZrC + 3SiC + Zr2Si

17Zr + 5ZrSi2 + 8B4C

16ZrB2 + ZrC + 7SiC + Zr5Si3

-8311.5

1982.2

13Zr + 3ZrSi2 + 6B4C

12ZrB2 + ZrC + 5SiC + Zr3Si

-6051.3

2205.2

Table 1- Gibbs’ free energy and enthalpy of reaction for selected equations
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Figure 14- Ellingham diagram illustrating that ZrO2 becomes more stable than Al2O3 at
temperatures above ~816°C. [17]
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CHAPTER 3

EXPERIMENTAL SETUP

3.1 Materials and Specimen Preparation

Boron carbide powder (0.25 g), ZrSi2 powder (0.47 g and 0.68 g), and zirconium slugs
(

1.5 g), were placed into graphite crucibles (14 mm outer diameter, 15.5 mm length, 1 mm

wall thickness), in respective order.

The materials were weighed on a digital Ohaus scale to

within an accuracy of ±0.01 g. Graphite caps were fashioned to fit on top of each graphite
crucible to prevent outpouring of molten material. A total of eight samples were prepared for
each experimental run. The samples were housed inside a graphite enclosure, with four samples
on each level. The graphite enclosure was cut on a LeBlond Regal lathe from graphite rods (58
mm diameter, 229 mm length) obtained from American Graphite. Five holes (4.97 mm diameter
and 31.75 mm depth) were drilled to into the enclosure base, each filled with 0.23 g of titanium
(99.98% pure) and aluminum (99.999% pure). Approximately ten turnings of 99.999% pure
aluminum wire were wrapped around the step of the graphite base as shown in Figure 15.
3.2 Apparatus and Experimental Procedure

An induction furnace operating at 4.5 MHz was used to melt zirconium with deoxidized
helium to penetrate a dense preform composed of B4C and ZrSi2. Initially, argon was used in the
setup but at temperatures greater than 1400°C, plasma began to form due to the ionization of the
argon. To avoid the formation of plasma, the argon was replaced with helium due to its higher
ionization potential. The helium used in the experiment had a purity of 99.95%, and was

29

Figure 15- Cross section of fully prepared graphite enclosure
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further purified by magnesium perchlorate (MgClO4) and titanium sponge obtained from Alfa
Aesar (Figure 16). The helium was passed through two columns of MgClO4 to remove moisture
followed by two heated oxygen traps of titanium sponge (99.95% pure, 3-13 mm in diameter) -the first at 850°C and the second at 702°C. The helium was passed through two more MgClO4
columns to remove any residual moisture before entering the reaction tube (Figure 17). Two
varying flow rates were used during experimentation: during the 3 hour evacuation period, the
helium flow rate was exceptionally high (95 mL/min) to flush the greatest amount of oxygen
from the system; once the furnace began operation, a lower flow rate of 30 mL/min was used to
reduce the chance of helium ionization. The flow rates were measured by an Omega mass
flowmeter with an accuracy of ±1 mL. The helium gas was passed through the reaction tube and
extracted through a hose placed in a dibutylphilate bubbler.
The graphite enclosure was placed into the reaction tube made by G M Associates.
Specific details of the quartz reaction tube as well as the cross sections of associated apparatus
quartz are shown in Figures 18-22. Zirconia grog obtained from Zircoa was used as insulation
between the inner quartz tube (210 mm length, 90 mm outer diameter, 2.75 mm wall thickness)
and the graphite enclosure. The strong electromagnetic field generated by the induction furnace
often caused the molten metal to levitate out of the graphite crucible. To shield the metal from
the electromagnetic field, a zirconia crucible (60 mm outer diameter, 108 mm length, 2 mm wall
thickness) was cut into three segments, using a Struers Accutom-2 table saw outfitted with a
diamond cutoff wheel, and placed around the graphite enclosure. A zirconia sighting tube (26
mm length, 18 mm outer diameter, 1 mm wall thickness) was cut and situated between the
graphite enclosure and the inner quartz tube to measure the temperature with a pyrometer
sighting onto the surface of the graphite enclosure. The induction furnace operated at two ramp
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Figure 16- Experimental apparatus for He purification
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Figure 17- Cross section of reaction tube
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Figure 18- Quartz reaction tube
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Figure 19- Quartz Reaction Tube Cap
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Figure 20- Quartz Reaction Tube Fluid Intake
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Figure 21- Quartz Reaction Tube Cooling Water Jacket
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Figure 22- Quartz Reaction Tube Exhaust
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Figure 23- Quartz Reaction Tube Assembly
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rates: the first was from room temperature to 1000°C at a rate of 1°/2 seconds and the second
was from 1000°C to the final temperature at a rate of 1°/11 seconds. The pyrometer served as an
automatic temperature controller for the induction furnace. Although it was not possible to
measure the temperature inside the graphite enclosure during experimentation, the temperature
inside the graphite enclosure was probably greater than the external sighted surface as a result of
radiation. At elevated temperatures (>1300°C) it became necessary to lower the emissivity of
the furnace to keep the furnace from arching. This change in emissivity did not allow the
thermal radiation to be read properly, in most instances the temperature read by the pyrometer
and the actual temperature of the graphite surface would vary. To fix this, a pure platinum wire,
visible through the pyrometer sighting scope, was wrapped around the zirconia sighting tube and
placed in contact with the external graphite surface (not shown in diagram). Once the wire
melted, the temperature on the surface of the graphite enclosure had achieved 1773°C, the
melting point of platinum. The corresponding temperature read by the pyrometer was then
increased 87°C to the final temperature of 1860°C, 5° greater than the melting temperature of
zirconium, and was then switch over from automatic to manual control to hold the furnace at the
final temperature.

Experiments were performed for each time period. A total of seven

experiments were conducted and held at the final temperature for 60, 120, 180, and 240 minutes.
Each experiment was then cooled in an inert atmosphere inside the furnace while the helium
continued to flow until the specimen reached 700°C. The helium was then shut off and the
specimen was allowed to cool to room temperature.
3.3 Material Characterization

All the specimens were cut vertically using a diamond blade and then mounted in an
epoxy resin using 31.75 mm molds. Once the resin had hardened, the specimens were prepared
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for analysis by polishing with SiC 80, 120, 240, 400, 600, 800, and 1000 grit paper. The final
polish was done with 1µm diamond paste to produce a mirror like finish and rinsed with
methanol. The microstructures of the specimens were then analyzed using a Hitachi S-4800 field
emission scanning electron microscope, Reichert MEF4 M optical microscope, and Bruker D8
Discover x-ray diffraction. In addition, an energy dispersive x-ray microanalysis (EDAX with
Genisis software) was sometimes used to identify phases within the microstructures.
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CHAPTER 4

RESULTS

After conducting several experiments it was found that the zirconium had penetrated the
B4C and ZrSi2 bed for all samples at each time interval. The analysis of x-ray diffraction
revealed high intensities of ZrSi and Zr5Si4 for samples held at 1860°C for one and two hour
intervals. Samples held at 1860°C for three and four hours exhibited lower intensities of ZrSi
and higher intensities of Zr5Si4 than observed in one and two hour samples. In addition, the three
and four hour samples contained amounts of Zr2Si. SEM analysis revealed unreacted areas
within samples of lower time interval with a gradual decrease of these areas as the time interval
increased.
Each spectrum is identified by the date the experiment was conducted and a B (bottom)
or T (top) to identify same compositions on different levels of the graphite enclosure. In the case
where there is no B or T, only one sample of said composition was inside the graphite enclosure
during that experiment. Above each peak on the spectrums is a shape corresponding to the phase
detected by XRD. These shapes are only marked on the uppermost spectrum to indicate that all
other spectrums beneath it with a peak at the same 2θ position have same phases but not the
same intensity. In instances where the phase differs from one spectrum to another, the phases for
each spectrum are identified individually and can be seen above the corresponding spectrum.
Figures 24-28 show XRD spectrums of samples prepared with 0.47g of ZrSi2 for time
intervals of one to four hours. Figures 28, illustrates one randomly chosen sample from each
time interval to compare it to a sample of a different interval. ZrB2, ZrC and C were found for
every sample. For samples run for one hour (Figure 24), Zr5Si4 was found in small amounts
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Figure 24- XRD spectrum of samples with 0.47g of ZrSi2 held at 1860°C for one hour
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Figure 25- XRD spectrum of samples with 0.47g of ZrSi2 held at 1860°C for two hours
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Figure 26- XRD spectrum of samples with 0.47g of ZrSi2 held at 1860°C for three hours
45

Figure 27- XRD spectrum of samples with 0.47g of ZrSi2 held at 1860°C for four hours
46

Figure 28- XRD spectrum of samples with 0.47g of ZrSi2 and one sample from one, two, three, and four hour runs
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and ZrSi was found in slightly larger amounts. Two hour samples (Figure 25), indicated a
decrease in the amount of Zr5Si4 present in both samples while ZrSi remained constant. The
three hour sample (Figure 26) again revealed little change in the amount of ZrSi. The first
appearance of Zr2Si can be seen in this sample indicating a shift to a more Zr rich phase and
closer to the starting mixture of 85 wt% Zr, refer to Figure 1.

Zr5Si4 was still present in the

sample but in such small amounts that it would be difficult to identify the peaks. The four hour
samples (Figure 27) show a vastly reduced amount of ZrSi, the Zr2Si peaks have grown in
intensity, and Zr5Si4 can be seen again in moderate quantities. Figure 28 depicts the spectrums in
ascending order of time from bottom to top. By comparing all four time increments, it is
suggested that intensities of ZrSi and Zr5Si4 diminish with time. Zr2Si is only evident in the
three and four hour runs with larger intensities of this phase in four hour samples.
Figures 29-33 show XRD spectrums of samples prepared with 0.68g of ZrSi2 for time
intervals from one to four hours. The difference between this composition and the former, is ~2
wt% more Si. If the same trend is present for samples of 0.68g of ZrSi2 as for the former
samples, ZrSi and Zr5Si4 should have a greater presence in the samples for same time intervals
and gradually diminish for longer time intervals.

One hour samples (Figure 29), reveal

approximately the same number of peaks found for Zr5Si4 but more peaks with greater intensity
for ZrSi. The two hours samples (Figure 30), show the samples containing a large amount of
ZrSi with very little Zr5Si4. A single peak of Zr2Si was found in one of the samples but in no
other. Three and four hour samples, Figures 31 and 32, showed three hours predominantly being
Zr5Si4 and four hours being about half Zr5Si4 and half ZrSi. Figure 33 is the equivalent to Figure
28 for this composition and does exhibit a like tendency such as the ZrSi phase shifting to Zr5Si4.
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Figure 29- XRD spectrum of samples with 0.68g of ZrSi2 held at 1860°C for one hour

49

Figure 30- XRD spectrum of samples with 0.68g of ZrSi2 held at 1860°C for two hours
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Figure 31- XRD spectrum of samples with 0.68g of ZrSi2 held at 1860°C for three hours
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Figure 32- XRD spectrum of samples with 0.68g of ZrSi2 held at 1860°C for four hours
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Figure 33- XRD spectrum of samples with 0.68g of ZrSi2 and one sample from one, two, three, and four hour runs
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The presence of ZrSi is still apparent but it seems that Zr5Si4 is the dominant zirconium-silicon
phase at longer time periods.
Figures 34-37 depict one randomly chosen sample from the 0.47g and 0.68g of ZrSi2
compositions for each time interval to compare differences between the two.

One hour

comparisons (Figure 34) between the two compositions show that the one prepared with more
ZrSi2 contains higher intensities of ZrSi while the one prepared with less ZrSi2 is composed of
more Zr5Si4. At a peak location where both ZrSi and Zr5Si4 can be present, ZrSi exists on the
sample prepared with more ZrSi2 while Zr5Si4 is present on the sample with less ZrSi2. Two
hour samples (Figure 35) exhibit the same tendencies as one hour samples, the sample with more
ZrSi2 contains greater intensity of ZrSi. Samples run for three hours (Figure 36) showed that
those prepared with less ZrSi2 began to form Zr2Si while those setup with more are still
comprised mainly of Zr5Si4 and some ZrSi. Four hour samples (Figure 37), encompass the same
tendencies found in Figure 36. The intensity of Zr2Si in the sample prepared with 0.47g of ZrSi2
is the only significant change.
Microstructural analysis was conducted using the SEM and optical microscope. A one
hour sample was inspected using the SEM and showed that the sample had not fully reacted in
some areas (Figure 38). Using the Genesis software on the EDAX, the sample was determined
to have been comprised of ZrBx, B4C, and a ZrSix matrix which are labeled in the figure. Figure
39 shows the ZrSix matrix with embedded ZrBx which may indicate that the sample has mixed
due to the induction furnace’s electromagnetic field but not adequately enough obtain a
homogeneous sample. Another one hour sample (Figure 40 and 41), shows the formation of
ZrB2, ZrC, and several Zr-Si precipitates. The Genesis software was used to analyze the entire
visible area which shows the microstructure of Zr5Si4 in Figure 42.
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Figure 34- XRD spectrum of one sample with 0.47g and 0.68g of ZrSi2 held at 1860°C for one hour
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Figure 35- XRD spectrum of one sample with 0.47g and 0.68g of ZrSi2 held at 1860°C for two hours
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Figure 36- XRD spectrum of one sample with 0.47g and 0.68g of ZrSi2 held at 1860°C for three hours
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Figure 37- XRD spectrum of one sample with 0.47g and 0.68g of ZrSi2 held at 1860°C for four hours
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Figure 38- Microstructure of partially reacted one hour sample
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Figure 39- Embedded ZrBx in ZrSix matrix
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Figure 40- Microstructure of one hour sample showing ZrB2, ZrC, and several Si precipitates
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Figure 41- Microstructure of one hour sample
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Figure 42- Microstructure of Zr5Si4
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One two hour sample (Figures 43 and 44) show the formation of ZrB2 and ZrC within
different phases. In Figure 43, the phases can be separated across the diagonal. The top left
phase is mostly Zr rich while the bottom right is mostly B4C rich. Figure 44 shows the formation
of ZrB2 and ZrC within three phases. The top is mostly Zr, the middle mostly B4C, and the
bottom is mostly Si. A second two hour sample (Figures 45 and 46) were taken with the SEM
and show a more homogeneous phase, but lack the presence of Si precipitates
The three hours samples did not exhibit different phases as seen in Figures 43 and 44.
Throughout the sample, a dominant Zr-Si phase formed. Figure 47 shows the microstructure of
the three hour sample that contains mostly ZrB2, in the Zr-Si melt. Four hour microstructures are
shown in Figures 48 and 49. Both show the formation of ZrB2, ZrC and Si precipitates in a Zr-Si
melt that is consistent throughout the majority of the sample. The interface between the Si
precipitates and the Zr-Si melt is difficult to see due to the poor contrast of the optical
microscope and can only be seen in the x1000 microstructure (Figure 49) which is circled. In
both samples, ZrB2 and ZrC seem to reside along the circumference of Si precipitates.
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Figure 43-Microstructure of two hour sample illustrating the formation of two phases
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Figure 44- Microstructure of two hour sample illustrating the formation of three phases
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Figure 45- SEM microstructure of two hour sample showing ZrC and ZrB2 within a Zr-Si phase
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Figure 46- SEM microstructure of two hour sample at 1.20k magnification
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Figure 47- Microstructure of three hour sample showing ZrB2 in a Zr-Si melt
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Figure 48- Microstructure of ZrB2, ZrC, and Si precipitates in a four hour sample
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Figure 49- Microstructure of four hour sample at 1.0k magnification
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CHAPTER 5
DISCUSSION
During heating, the samples are exposed to an electromagnetic field generated by the
induction furnace. The electromagnetic field caused two distinct effects on the molten material
in the sample. Initially, the molten material began to levitate thus resulting in an extremely
porous sample, which was somewhat solved using a zirconia crucible to shield the samples from
this field. All samples after this addition were densified but still remained somewhat porous.
Secondly, this field resulted in active mixing of the molten material for the duration of the
experiment.
The Zr/Si starting ratios for the compositions are 90.1 wt%Zr and 88.1 wt%Zr. By
looking at the Zr-Si phase diagram, the resulting phase should be Zr3Si. Analysis of the X-ray
diffraction spectrum shows the formation of several Zr-Si phases including ZrSi, Zr5Si4, and
Zr2Si which would suggest the samples have not achieved thermodynamic equilibrium. Analysis
of every sample for each time interval indicated the presence of ZrSi which is most likely the
origin from which all other Zr-Si phases were generated [19, 20]. In the case of zirconium rich
compositions ZrSi is almost always formed first due to the rapid diffusion of Si into Zr [19].
According to Canel et. al., ZrSi forms first and all other subsequent phases form after the ZrSi
phase has had time to react. Figures 28 and 33 agree with this illustrating ZrSi peaks have
greater intensities for lower time intervals and are gradually replaced with other Zr-Si phases for
larger intervals. The presence of Zr5Si4 in the majority of the samples may stem from the
stoichiometric ratio being so close to ZrSi and would be the next phase to form once the sample
begins to achieve equilibrium. It is unclear whether β-Zr5Si4 or α-Zr5Si4 is in the final product
since high cooling rates promote the formation of metastable phases in the final product.
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Another explanation for the initial variety of Zr-Si phases could be due to the exothermic
reaction of Zr reacting with B4C to create ZrB2 and ZrC. Table 1 shows the enthalpy of reaction
to be 362KJ and 220KJ respectively. Johnson et. al. reported the adiabatic reaction temperature
for the melting point of zirconium to be 4178°C. It is unlikely that the actual temperature is this
high due to heat loss, but in most cases it is still substantial enough to be above 2250°C changing
all Zr-Si phases to liquid. The presence of a liquid phase tends to favor rearrangement of loose
powder particles and mass transfer through thermally activated diffusion mechanisms for
increasing temperatures [21]. Once the zirconium has melted and penetrated Si, the melt is
mixed by the electromagnetic field and can arrive at several phases bases on the amount of
mixing that occurs and the length of mixing (i.e. duration of experiment).
Figures 38 and 39 show a one hour sample that has not completely reacted. Figure 38
shows a partial reaction of zirconium metal reacting with B4C to form a ZrBx phase. Figure 39
shows the same ZrBx phase embedded into a ZrSix matrix.

Since a large interconnected

concentration of ZrBx is not present as seen in Figure 38 this would support the theory of mixing
since the ZrBx is essentially isolated and would have to react with B4C then be mixed into the
ZrSix matrix. Figures 40 and 41 shows a different one hour sample which has formed ZrB2, ZrC,
and Si precipitates taken with the optical microscope. To identify phases with the optical
microscope, phases of the same sample were identified using the Genesis software of the SEM,
discerned on the optical microscope, and identified by color. The microstructure in Figure 40
shows a much more homogeneous structure than in the previous sample where the white phase is
zirconium rich and the gray phase is Si rich. This could be the result of more adequate mixing,
but this is still unclear. The two hour microstructures (Figures 43 and 44) distinctly show two
and three phase regions. This is most likely due to inadequate mixing of the sample. The
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formation of ZrB2 and ZrC has already taken place in both phases.

Additionally, Zr-Si

precipitates (the second darkest grey phase) can be seen in both regions. This would suggest that
the material has mixed enough to cause several reactions, but not enough to mix the larger Zr
rich and B4C rich phases. The same can be said about Figure 44 which shows a three phase
region. The formation of ZrSi in all of the samples, for this setup, most likely does not take
place by diffusion. If ZrSi formed through diffusion, several intermediate Zr-Si phases should be
present between the Zr and Si melts [20]. In this case a B4C phase is between them implying that
ZrSi forms through mixing and not diffusion. Figures 45 and 46 also come from a two hour
sample and show a much more homogeneous phase. In this sample, there is no longer any
unreacted B4C. B4C has reacted with Zr to form ZrCx which are the lighter phases and ZrBx
which are the darker phases. The three hour sample contains one continuous Zr-Si phase. It is
unclear whether Si precipitates have formed since the optical microscope does not possess the
ability the differentiate phases of close stoichiometric ratios. The four hour sample, which
contained 0.47g of ZrSi2, seems to be extremely close to achieving equilibrium due to the single
continuous Zr-Si phase (grey in color). The XRD analysis of this sample would indicate it to be
Zr2Si which is very close to the Zr/Si starting phase of Zr3Si. Si precipitates can clearly be seen
and have grown in size when compared to the three hour sample. It appears that all the B4C has
reacted with Zr represented by the white region. A sample held at 1860°C for more than four
hours would most likely be closer to thermodynamic equilibrium.
It is impossible to completely eliminate 100% of the residual oxygen from the He inside
the system. Inside the graphite enclosure, where there are five Ti/Al wells, most of the oxygen is
oxidized however the small amount of oxygen that remains reacts to form CO. As the graphite
enclosure is heated, it decomposes and reacts with the residual oxygen to create a CO
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atmosphere inside the graphite enclosure. Figure 50 is a Zr-B4C phase diagram at 1860°C in a
CO atmosphere. The two blue lines around 82 and 84 at.% Zr represent the two starting ratios.
This figure is important because it shows the formations of ZrO2 at a pCO of ~10-9.4. Since
there was no ZrO2 found in any of the samples, this indicates that enough oxygen was removed
from the graphite enclosure to prevent the oxidation of Zr and denote the phase formation of
Liquid, ZrB2, and ZrC. Figure 51represents the same as the previous figure but at 2300°C. This
temperature was chosen because the increase in temperature due to the exothermic reaction is
unknown however all possible Zr-Si phases should be in the liquid phase at >2250°C. This
figure also shows the formation of ZrO2 at a pCO of ~10-6.5, but since no ZrO2 was found, this
suggests the region right below the area of ZrO2 formation. Figures 52 and 53 are the phase
diagrams of Zr3Si-B4C in a CO atmosphere at 1860°C and 2300°C.

The two blue lines

indicating the starting Zr/Si ratios are at 59 and 61 at.% Zr3Si. The figures indicate the formation
of ZrO2 at a pCO ~10-8.2 and ~10-5.8 respectively. The process used is adequate enough to
prevent the oxidation of Zr at 1860°C or at a much higher temperature due to the exothermic
reaction of the system. The indicated phase formation for each figure also bodes well with the
results obtained from the XRD and SEM with the exception of Zr5Si3, but these figures do not
take into account the phase change from high to low temperature or that Zr5Si3 should primarily
form only in the presence of impurities in the system.
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Figure 50- Zr-B4C phase diagram in a CO atmosphere at 1860°C
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Figure 51- Zr-B4C phase diagram in a CO atmosphere at 2300°C
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Figure 52- Zr3Si-B4C phase diagram in a CO atmosphere at 1860°C

78

Figure 53- Zr3Si-B4C phase diagram in a CO atmosphere at 2300°C
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CHAPTER 6
CONCLUSION
The reaction of a Zr-Si melt with B4C at 1860°C has been investigated for 60, 120, 180,
and 240 minutes.

The interface was characterized using a scanning electron microscope

equipped with electron backscatter diffraction, an optical microscope, and X-ray diffractometer.
Based on experimental data collected by each instrument, the starting Zr/Si ratios (Zr3Si) for
each composition were never attained. Instead Zr/Si ratios almost always started with ZrSi and
gradually shifted to the Zr rich side of the phase diagram with increase in time.

After

termination of the four hour experiments, the Zr2Si phase was found. Si precipitates were
witnessed for each time period with the exception of three hours due to contrasting problems
with the optical microscope. Of the samples that contained Si precipitates, the majority resulted
from samples with the least amount of ZrSi2 (i.e. 0.47g and not 0.68g). An increase in size can
also be seen when comparing the Si precipitates of one, two, and four hours. If it is desirable to
equilibrate the system further, a longer period of time at 1860°C would be necessary.
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